To map genomic loci for leg weaknessrelated traits in pigs, leg scores and gait scores were recorded at 219 ± 18 d in a White Duroc × Erhualian F 2 intercross population and a Chinese Sutai population. The biceps brachii muscle was dissected from the right front leg and its length and weight were measured after slaughter at 240 ± 3 d in the 2 populations. The 2 populations were genotyped using the Porcine SNP60 BeadChip, and genomewide association studies were performed on them separately and jointly. A total of 12 significant loci were detected in the 3 populations, including 6 at the 1% genomewide significant level on SSC7 and SSCX and 2 at the 5% genomewide significant level on SSC7 and SSCX. All of them confirmed the previous QTL findings except 1 locus for gait score of front legs on SSC5, which was reported for the first time. The most prominent locus was identified in a 2.15 Mb linkage disequilibrium block on SSC7 for both leg weakness and the growth of the biceps brachii muscle, which is worth further investigation. The significant SNP identified in the Sutai population could directly be explored in marker-assisted selection to improve leg soundness of the Sutai pig. As expected, it is generally more powerful to identify significant regions in the combined population compared with a single population. To our knowledge, this was the first genomewide association study for weight and length of the biceps brachii muscle in pigs.
INTRODUCTION
Leg weakness (LW) is a common health problem in the swine industry and results in considerable economic loss and poor animal welfare. As a crucial reason for the culling of boars and sows, LW has caused 20 to 50% of eligible boars being culled as breeding animals (Webb et al., 1983; Van Steenbergen, 1989) and has given rise to 6.1 to 15% sows being removed from the production line (Stalder and Serenius, 2004) . For hogs, LW increases incidence of the lameness and death during the transport to slaughterhouses. Many factors cause LW, such as bone and joint diseases, microbial infections, nutritional imbalances, and rearing systems. Artificial selection for production traits has also adverse effects on swine leg structure and impairs leg soundness (Lee et al., 2003) .
Leg weakness can be measured by leg and gait scores and is also related to the weight and length of the biceps brachii muscle (Draper et al., 1992; Guo et al., 2009b) . As a complex trait, the heritability of LW is estimated from 0.1 to 0.5 (Bereskin, 1979; Rothschild and Christian, 1988; Webb et al., 1983; Jørgensen and Andersen, 2000) .
To uncover the genetic architecture of LW in pigs, several QTL mapping studies have been conducted, and some chromosomal regions associated with LW have been reported (Lee et al., 2003; Guo et al., 2009b; Uemoto et al., 2010; Laenoi et al., 2011) . Furthermore, several functional candidate gene researches and a genomewide association study (GWAS) have also been reported (Fan et al., 2009 (Fan et al., , 2011 Laenoi et al., 2010 Laenoi et al., , 2012 , but no causative gene has been reported. The aim of this study was to identify genomic loci for these traits by a joint GWAS.
MATERIALS AND METHODS
All procedures involving animals followed guidelines for the care and use of experimental animals established by the Ministry of Agriculture of China.
Animals
Two White Duroc boars and 17 Erhualian sows were intercrossed as founder animals to produce an F 2 resource population, which was described in detail in Guo et al. (2009a) .
Sutai pig is a Chinese synthetic breed that is derived from a cross between Duroc boars and Taihu sows and has experienced directional selection for prolificacy and growth for over 18 generations. A total of 435 Sutai pigs at the age of 60 to 120 d were bought in 3 batches from a commercial company. The 435 animals were offspring of 4 sires and 55 dams. Both the male and the female were castrated at 18 d and were weaned at 28 d.
During the fattening period of 120 d to 240 d, both F 2 and Sutai pigs were housed in 24-m 2 half-opened pens with solid floor (10 to 13 animals/pen) and had ad libitum access to the fresh water and a consistent feed containing 3,100 kJ DE, 16% CP, and 0.78% lysine. All diets were fortified with vitamins and minerals for approximate age of pigs.
Phenotypic Measurement
The leg and gait weakness were scored in a range of 1 (very poor) to 5 (very good) by a fixed person as depicted in Guo et al. (2009b) . In the F 2 population, the front (FLS) and rear (RLS) leg scores were measured at 213 ± 12 d, and the gait scores of front (FGS) and rear (RGS) legs were recorded at 223 ± 22 d. These traits of Sutai pigs were recorded at 218 ± 10 d. Because the LW traits were scored at almost the same time in the same way on the 2 populations, we treated them as the same trait when the data were combined to analyze.
When the fattening period finished, both F 2 and Sutai pigs were slaughtered in a commercial slaughter facility using Chinese industry standards. The weight (BBW) and the length (BBL) of the biceps brachii muscle were recorded on samples of the right front legs.
Genotyping
Genomic DNA was isolated from ear or tail clip using a routine phenol/chloroform extraction method, and the final concentration of DNA was diluted to 50 ng/ μL. The DNA samples of 932 F 2 animals and 433 Sutai pigs were genotyped for 62,163 SNP on the Porcine SNP60 BeadChip (Illumina, San Diego, CA) following the manufacturer's instructions. The SNP were filtered with a minor allele frequency >0.05, the P-value for Hardy-Weinberg equilibrium >0.000001, and call rate >0.95. The animals with call rate <0.90 were excluded in the further analysis.
Statistics
The simple descriptive statistics of the recorded traits were calculated with the MEANS procedure (SAS Inst. Inc., Cary, NC), and the phenotypic differences between the populations or sexes were tested by the TTEST procedure. The fixed effects and the covariates included in GWAS models were determined by the MIXED procedure. Sex and batch were considered as fixed effects. Carcass weight was fixed as a covariate in the models for BBL and BBW, and no covariate was taken into account in the models for other traits.
The genomic kinship was treated as a random effect to eliminate the polygenic effect in all GWAS models. The genomic kinship matrix is estimated based on the identity-by-state of the SNP on autosomes. Its ith row and jth column element, which indicates the kinship coefficient (ˆi j K ) between individuals i and j, is calculated by this formula (Amin et al., 2007; Astle and Balding, 2009 ):
in which L is the number of SNP on autosomes, g l,i and g l,j are the genotypes of ith and jth pigs at the lth locus respectively (coded as 0, 0.5 and 1, corresponding to the homozygous, heterozygous, and the alternative homozygous genotypes), p l is the frequency of the allele (homozygote of which is coded as 1) at lth locus. The kinship coefficients were then converted into distances for a principal component analysis, and the first 2 principal components were plotted to show the population stratification. If population stratification existed, then the individuals were clustered into groups according to the stratification, and the group was fixed in the GWAS model to remove the effect of the population stratification.
To allow for systematic difference between the 2 populations, the phenotypes were standardized in each population separately to a mean of 0 and variance of 1 before the data having been merged. Population was considered as a fixed effect to remove the systematic difference between the 2 populations in the joint analysis. Because the phenotypes were standardized in the combined population, the effects of SNP estimated from GWAS were restored by multiplying its standard deviation in the combined population.
GenABEL (http://cran.r-project.org/web/packages/ GenABEL/index.html), one of the R packages, was used to conduct the GWAS using an additive model . Considering that the experimental animals are closely related, the family-based score test for association was used to detect the association between SNP and traits and the residual inflation was corrected by genomic control (Devlin and Roeder, 1999; Zheng et al., 2005; Chen and Abecasis, 2007) . Thresholds for suggestive and 5 and 1% genomewide significant levels were obtained by a Bonferroni correction. The P-values were respectively equal to 1, 0.05, and 0.01 divided by the number of informative SNP.
The two-point option of CRI-MAP (www. animalgenome.org/bioinfo/resources/manuals/Embnetut/ Crimap/) was used to determine the linkage between the mapped and unmapped associative SNP (Green et al., 1994) . If the logarithm (base 10) of odds was greater than 3, a linkage was indicated between the 2 SNP. Haplotypes of target regions were constructed by Simwalk2.9 (www.genetics. ucla.edu/software/simwalk_doc/) under default parameters (Sobel and Lange, 1996) . Linkage disequilibrium blocks were determined using Haploview4.2 (www.broadinstitute. org/science/programs/medical-and-population-genetics/ haploview/user-manual; Barrett et al., 2005) .
To test whether the putative locus is imprinted on SSC2, we performed an association analysis using an imprinting model in the F 2 population. In the paternal expression model, if the allele A of an F 2 individual was originated from its father, AA and AB genotypes of that locus were coded as AA and BA and BB were coded as BB. In the maternal expression model, AA and BA were treated as AA and AB and BB as BB. The recoded genotypes of SNP were used to perform an association analysis on SSC2 in the F 2 population.
RESULTS AND DISCUSSION

Simple Descriptive Statistics of Phenotypic Traits
Simple descriptive statistics of LW-related traits are shown in Table 1 . The means of these traits were significantly greater in F 2 animals than Sutai pigs (P < 0.0001) except for the gait score of front legs (P = 0.9460). The difference of LW related traits between sexes are also listed in Table 1 . The legs of the male were significantly weaker than the legs of the female in the F 2 and the combined populations. In the Sutai population, the legs of the male were also weaker than the legs of the female, but the difference of leg scores did not reach the significant level. A main reason accounting for the inconsistency could be the smaller population size in the Sutai population compared with the F 2 population (431 vs. 922). In the F 2 population, biceps brachii was shorter and lighter in males than females, which is contrast to the situation in the Sutai population. The males were castrated and the females were kept intact in the F 2 population, but all of the animals were castrated in the Sutai population. We observed that the difference of BBL between males and females was less in the combined population (-0.27 ± 0.08) than the F 2 (-0.23 ± 0.12) or the Sutai population (0.15 ± 0.08). It could be explained by the Simpson's paradox (Kocik, 2001) .
It has been reported that the biceps brachii muscle was significantly longer and heavier in LW line than normal and leg soundness lines (Draper et al., 1992) . The FGS showed significantly negative correlations with BBW (r = -0.23) and BBL (r = -0.24) in the F 2 population, which was in agreement with the previous report; however, FLS had significantly positive correlations with them (r = 0.10 and r = 0.15, respectively; Guo et al., 2009b) . The LW-related traits had no correlations with BBW and BBL in the Sutai population (data not shown).
The SNP Genotypic Data Evaluation
The Illumina Porcine 60K Beadchip has 62,163 SNP, of which 54,920 can be mapped to the porcine current genome assembly (Sscrofa build 10.2). All experimental animals and 38,066 SNP including 4,199 unmapped SNP passed the quality control and were used for further analyses. To perform the association analyses of the unmapped SNP, all of them were assigned to chromosome 0, and their positions were arbitrarily given by this rule: the SNP were sorted by name at first, and then the first SNP was assigned to the beginning position at 10 kb and these SNP were placed at an interval of 20 kb. The average physical distance between adjacent SNP is 82.9 kb, ranging from 62.4 kb on SSC17 to 242.5 kb on SSCX.
Population Stratification
The principal component analysis (PCA) showed that no population stratification existed in the F 2 population, but obvious population stratifications were observed in the Sutai and the combined populations (Supplemental Fig. S1 ; see online version to access all supplemental files: http://journalofanimalscience.org). Sutai pigs were clustered into 4 groups based on the distances among them (Supplemental Fig. S1b ). We also divided these animals into 4 groups according to their fathers (Supplemental Fig. S1d ) and obtained almost the same clustering result. It confirmed the correctness of the PCA clustering analysis. In the combined population, the individuals were clustered into 2 distinguishable groups according to their origins. To remove the population stratification in the Sutai and the combined populations, the clustering group was included in the GWAS model as a fixed factor.
Genomewide Association Study Results
The GWAS results of the 6 measured traits are shown in Fig. 1, Supplemental Fig. S2 , Table 2 , and Supplemental Table S1 . A total of 12 chromosomal regions surpassed the suggestive significant level in the 3 populations (Table 2) .
A 1% genomewide significant locus for BBL was mapped on SSC7 in both the F 2 and the combined populations (Fig. 1a) , but the strongest associated SNP was not identical in the 2 populations. In the F 2 population, the SNP (ASGA0031847) at 23.23 Mb was the top SNP whereas the SNP (MARC0033464) at 35.18 Mb was the most significant SNP in the combined population, which is the third top SNP (P = 6.82 × 10 -9 ) in the F 2 population. This locus corresponds to the previously reported QTL for BBL in the F 2 population (Guo et al., 2009b) .
For BBW, a significant locus was identified on SSCX. The top SNP were H3GA0051868 at 106.27 Mb, INRA0056864 at 87.51 Mb, and INRA0056781 at 68.69 Mb in the F 2 , Sutai, and combined populations, respectively. The top SNP were not same, but an overlapping peak around 65 to 95 Mb existed on SSCX in the 3 populations (Supplemental Fig. S3 ). This clearly indicates a common locus for BBW in the 3 populations. A suggestive locus was detected on SSC2 in the Sutai population with the top SNP (ASGA0008993) at 9.75
Mb on this chromosome. Those findings are in agreement with our previous QTL reports on these regions (Guo et al., 2009b) . In additional, 4 loci just below the suggestive significant level were found for BBW, including 1 on SSC7 in the F 2 population and the other 3 on SSC2, SSC4, and SSC7 in the combined population respectively (Fig.  1b) . Of these regions, QTL for BBW have been reported in the F 2 population (Guo et al., 2009b) .
Three genomic regions were significantly associated with FGS, that is, 1 on SSC7 in the F 2 population, 1 on SSC5 in the Sutai population, and 1 on SSC7 in the combined population (Fig. 1c) . The top SNP on SSC7 in the F 2 and combined populations were ASGA0032571 at 35.71 Mb and MARC0033464 at 35.18 Mb, respectively. Both of the 2 SNP are located in a 2.15-Mb linkage disequilibrium (LD) block ( Fig. 2; Table 2 ). The significant locus on SSC7 has also been evidenced as a QTL for FGS by the linkage analysis (Guo et al., 2009b) . The top SNP at the locus on SSC5 was ASGA0023713 at 1.39 Mb in the Sutai population. A QTL for total gait score has been reported at the middle of SSC5 in a commercial gilt population (Fan et al., 2011) , but the QTL may be not the same locus found in this study as they are mapped to different chromosomal regions. Another 3 regions showed the association signals for FGS close to the suggestive significant level, including (Guo et al., 2009b) . This table shows the values of F 2 animals genotyped by the Illumina SNP60 DNA chips (San Diego, CA). * P < 0.05; ** P < 0.01. 1 on SSC4 in the combined population and the others on SSC12 and SSC18 in the Sutai population (Fig. 1c) . The locus on SSC4 is consistent with our previous finding of a QTL for FGS in this region (Guo et al., 2009b) , and a QTL for total gait score was mapped in the same region on SSC18 (Fan et al., 2011) , but no QTL for FGS has been detected on SSC12.
Only 2 significant loci for RGS were detected on SSC7 in the 3 populations, and the top GWAS SNP were MARC0033464 at 35.18 Mb and ALGA0040904 at 44.66 Mb in the F 2 and combined populations, respectively (Fig. 1d) . The SSC7 locus corresponds to our previously identified QTL in the F 2 population (Guo et al., 2009b) . We also found another 2 loci close to the suggestive significant level, 1 at 45.19 Mb on SSCX in the F 2 population and the other at 21.37 Mb on SSC15 in the combined population (Fig. 1d) . A QTL for total gait score has been reported at the distal end of SSC15 (Fan et al., 2011) . The different location indicates that it may be not the same locus detected in this study. No QTL for RGS has been reported on SSCX.
For FLS, only 1 suggestive locus was detected on SSC13 in the F 2 population (Supplemental Fig. S2a ). There are 2 QTL for FLS reported in the corresponding region on SSC13 (Lee et al., 2003; Guo et al., 2009b) .
No genomic region showed association with RLS in the current study (Supplemental Fig. S2b) . A peak close to the suggestive significant level was observed at the proximal end of SSC4 in the F 2 population (Supplemental Fig. S2b ), in which a QTL for FLS has been reported in a commercial gilt population (Fan et al., 2011) .
To our knowledge, this is the first GWAS of BBL and BBW in pigs. A total of 12 genomic loci for 6 phenotypic traits related to LW were detected in this study. All of them confirmed the previous QTL findings based on traditional linkage analyses except that 1 locus for RGS on SSC5 was identified at the first time.
To estimate the risk of false positive results caused by the phenotypic deviation from a normal distribution, we performed a 10,000-time permutation test for FGS in the F 2 population. The nominal P-values of 1 and 5% genomewide and suggestive significant levels were 2.71 × 10 -6 , 9.77 × 10 -6 , and 1.61 × 10 -4 , respectively. They were greater than the corresponding Bonferronicorrected threshold value (2.63 × 10 -7 , 1.31 × 10 -6 , and 2.63 × 10 -5 ). It thus indicates that the Bonferroni correction is more conservative and identifies less false positive loci than the permutation test.
We detected some unassigned SNP significantly associated with the 6 LW-related traits (Fig. 1) .To determine which chromosome they locate on, we performed a two-point linkage analysis using CRI-MAP (Green et al., 1994) in the F 2 population. Each of them was assigned to a corresponding associated region in this study (Table 2; Supplemental Table S2 ).
In general, it is more powerful and accurate to identify significant loci in the combined population compared with a single population as shown in a joint QTL mapping study (Guo et al., 2008) , because the combined population used more animals than a single population. Therefore, we merged the 2 populations and conducted a joint GWAS. As we expected, some loci were more significant in the combined population than in a single population. For example, the P-value of the locus for BBW on SSCX was smaller (P = 7.1 × 10 -10 ) in the combined population than the F 2 (P = 7.2 × 10 -8 ) or Sutai (P = 7.1 × 10 -7 ) population (Fig.  1b) . However, there are some exceptions. If the locus is segregating in the F 2 and the Sutai populations, it would be less powerful for the combined population, such as the locus for FGS on SSC5 (Fig. 1c) . The locus was detected in the Sutai population but was not replicated in the combined population. .66 VEGFA 0.14 1.1 × 10 -5 1 BBL and BBW = the length (BBL) and the weight (BBW) of the biceps brachii muscle; FGS and RGS = gait score of front and rear legs; FLS and RLS = leg score of front (FLS) and rear (RLS) legs.
2 The P-value corrected by genomic control. **1% genomewide significant; *5% genomewide significant; without * = suggestive significant.
There were some disagreements between associated chromosome regions in the 2 populations, such as significant SNP on SSC2 for BBW, SSC7 for FGS and RGS, and SSC5 for FGS. Although the F 2 and Sutai are derived from a cross between Duroc boars and Taihu sows, the genetic backgrounds are not completely the same in the 2 populations. The F 2 population is produced by a cross between White Duroc boars and Erhualian sows, which is a strain of Taihu pigs, although Sutai pig is a Chinese synthetic breed that is derived from a cross between Duroc boars and Taihu sows (including Erhualian and Meishan) and has directional selection for prolificacy and growth over 18 generations.
Compared with our QTL mapping study, GWAS identified fewer loci in the F 2 population (Supplemental Table S3 ). In the QTL mapping study, a total of 36 QTL for FGS and RGS at Day 223 as well as FLS and RLS at Day 213 were detected (Guo et al., 2009b) . However, only 5 significant loci were mapped in the present GWAS (Supplemental Table S3 ). The following points can explain the discrepancy. First, there are more animals used in the QTL mapping study (Supplemental Table S3 ), leading to the increasing detection power of QTL (Guo et al., 2011) . Second, the Bonferroni-corrected threshold values in GWAS are more conservative than those judged by the permutation test in QTL mapping studies. Third, the residual variance is smaller in the QTL mapping study than GWAS. Before searching for a new QTL, the detected QTL in the previous rounds were included in the model as fixed effects in the QTL mapping studies but not in the GWAS. Finally, the statistic model for QTL mapping included the additive and the dominant effects, but the GWAS model only considered the additive effect, so some dominant QTL cannot be detected in the GWAS. As the threshold values in GWAS are conservative, some potential chromosomal regions with significant levels slightly less (P-value corrected by genomic control less than 0.001) than the suggestive levels are listed in Supplemental Table S1 . Some of the genomic regions are consistent with our previous QTL report, such as the loci at the distal end of SSC3, the middle of SSC4, and the proximal end of SSC8 (Guo et al., 2009b) .
Our GWAS results pinpointed some interesting candidate genes for the swine LW. For example, we identified a prominent locus for FGS, RGS, and BBL in a 2.15-Mb LD block on SSC7, and the top SNP (MARC0033464) is proximal to the high mobility group AT-hook 1 gene (HMGA1), which encodes a non-histone chromatin protein involved in cellular growth and differentiation (Cleynen and Van de Ven, 2008) . Artificial selection for production traits has adverse effects on leg structure of the pig and will impair leg soundness (Lee et al., 2003) , so HMGA1 is a plausible candidate gene for the locus for FGS, RGS, and BBL. Moreover, we detected a strong signal of association with BBW at the distal end of SSC2, which harbors the well-characterized IGF2 gene. Insulin-like growth factor 2 is a paternally expressed gene and affects muscle growth in the pig (Van Laere et al., 2003) . To verify whether the putative locus is imprinting, we performed an association analysis in the F 2 population using the imprinting model and found that the QTL has paternally expressed effect on BBW (Supplemental Fig. S4 ). The strongest associated SNP is ASGA0098481 at 920.37 kb on SSC2, which is very close to IGF2. We thus propose that IGF2 is a plausible candidate gene underlying the locus for BBW on SSC2.
The significantly associated SNP detected in the Sutai population could be explored to improve leg soundness of the Sutai pig through marker assisted selection, but their effects should be verified before their application in breeding programs for other commercial breeds. As shown by this study, in addition to a handful of significant loci with major effects (Table 2) , dozens or hundreds of loci with small effect contribute to leg soundness (Supplemental Table S1 ). Therefore, it would be more robust and effective to use dense SNP markers representing genomic information in the pig breeding program for the improvement of leg soundness.
